suMMARY
This report summarizes our findings fkom pressurized unsaturated flow (PUF) and single-pass flow-through (SPFI') experiments to date. Results from the PUF test of a Pu-bearing ceramic with enclosing surrogate high-level waste glass show that the glass reacts rapidly to alteration products. Glass reaction causes variations in the solution pH in contact with the ceramic materials. We also document variable concentrations of Pu in solution, primarily in colloidal form, which appear to be related to secular variations in solution composition. The apparent dissolution rate of the ceramic waste form, based on Ba concentrations in the effluent, is estimated at S10-5 g/(m2"d). Pu-bearing colloids were recovered in the size range of 0.2 to 2 pm, but it is not clear that such entities would be transported in a system that is not advective-flow dominated.
Results from SPFI' experiments give information on the corrosion resistance of two surrogate Pu-ceramics (Ce-pyrochlore and Ce-zirconolite) at 90°C over a pH range of 2 to 12. The two ceramics were doped with minor quantities (-0.1 mass%) of MoOS, so that concentrations of Mo in the effluent solution could be used to monitor the reaction behavior of the materials. The data obtained thus far from experiments with durations up to 150 d do not conclusively prove that the solid-aqueous solution systems have reached steady-state conditions. Therefore, the dissolution mechanism cannot be determined. Apparent dissolution rates of the two ceramic materials based on Ce, Gd, and Mo concentrations in the effluent solutions from the SPFI' are nearly identical and vary between 1.1 to 8.5x104 g/(m2"d). In addition, the data reveal a slightly amphoteric dissolution behavior, with a minimum apparent rate at pH = 7 to 8, over the pH range examined.
Results from two related ceramic samples suggest that radiation damage can have a measurable effect on the dissolution of titanium-based ceramics. The rare earth pyrochlores, Gd2Ti207 and Lu2Ti207, are being studied as part of the DOE Environmental Management Science Program, and the results are germane to this study. The corrosion resistances of both heavy-ion bombarded and pristine (non-bombarded) specimens are being examined with the SPFJ' test. Initial data indicate that the dissolution rate may increase by a factor of 3 times or more when these materials become amorphous from radiation damage.
For both the SPFT and PUF tests, data and specimen characterization are continuing.
. . .
INTRODUCTION
The U.S. Department of Energy Office of Fissile Material Disposition has indicated that the ceramic can-in-canister design is the preferred option for the disposal of surplus weapons Pu in the proposed, mined geologic repository at Yucca Mountain, Nevada [1] . The long-term release of 239PU, 235U,and neutron absorbers from the ceramic in this can-in-canister configuration must be understood before a credible safety analysis can be conducted. The credible scenarios for the degradation of the ceramic all involve ground water. From a repository point of view, the fastest release of material from the waste form provides the worst case for release of components. This information comes from the single-pass flow-through (SPFT) test. Information on how the alteration of the high-level waste glass affects the alteration and concomitant release of components from the Pu-bearing ceramic is provided by the pressurized unsaturated flow (PUF) test.
Results from both of these tests are discussed in this report.
At some time in the distant future, water is expected to penetrate the waste containers and contact the waste forms. Although several scenarios of water contact are possible, the most credible contact mode from a hydraulics viewpoint is the slow percolation of water through the waste packages under conditions of partial hydraulic saturation. Gravity and capillary forces drive flow through the containers. Because the can-in-canister waste packages are expected to contain approximately 85 VO1%of HLW glass and 15 VO1%of Pu-bearing ceramic, any water percolating through the containers will react chemically with both high-level waste (HLW) glass and the Pu ceramic. Although exact flow paths through a waste package are not known, the substantially higher amount of glass compared with ceramic suggests that on average, water will contact glass before contacting ceramic. The glass is also expected to react faster than the ceramic and to contain a significant amount of exchangeable cations, which are subject to diffusive and advective mass transport. For all these reasons, the glass is expected to dominate the chemistry of any water percolating through a can-in-canister waste package. Consequently, it is important to understand how the glass/water reaction impacts, if at all, corrosion of the ceramic and the release and transport behavior of I% and the neutron absorbers. In this report, we summarize the results from a 17-month experiment utilizing PUF system at Pacific Northwest National Laboratory (PNNL).
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The dissolution kinetics of two pyrochlore ceramic samples were investigated through the use of SPFI' experiments over a pH-interval of 2-12 at 90°C temperature. Although static (such as the PCT and MCC) tests are widely used to determine the behavior of waste form-aqueous solution systems under repository conditions, SPFT experiments are ideal for elucidating the kinetic parameters that will be used to model release rates born the waste package. The usefulness of SPFI' results stem horn the fact that effluent solutions have low concentrations of dissolved constituents thereby keeping the system at low, and ideally, constant, chemical affinities (or reaction progress). Another useful property of flow-through systems is that the continuous replacement of solution in the reactor allows the solution to remain at constant pH, which minimizes uncertainties in the reaction rates. In addition, many mineral-or glass-solution systems reach a steady-state condition over time, which allows the investigator to retrieve a number of important kinetic parameters that can be used to effectively model release rates of radionuclides into the geosphere.
Over the last few decades a general rate equation, based on Transition State Theory, has been fashioned to described the dissolution of glass and silicate minerals into aqueous solution: (1) where: k = dissolution rate, g/(m2.d)
k.
= intrinsic rate constant, g/(m2.d) 
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The test conditions of our SPFI' experiments are designed such that the value of Q/K is nearly zero. If this approach proves to be valid, we will be able to recover many of the pa&neters that will be useful to radionuclide release models. However, as the value of K for titanate-based ceramics is essentially unknown, it is not yet possible to conclusively demonstrate that this condition is achieved. In addition, it is not known whether the activities of other aqueous species (besides H'_)impact the dissolution rate of pyrochlore minerals.
Note, however, that even if this approach fails, we can still recover important data that will prove decisive in long-term performance assessments of this material. By varying temperature and solution pH, the activation energy (E=) and the pH power law coefficient (q) can be determined. Determining the activation energy of reaction is an important component of the SPFI' tests because it can distinguish between mechanisms that are likely to control dissolution. For example, typical activation energies for diffusion-controlled dissolution (10 to 20 kJ/mol) are much smaller than those for sutiace reaction-dominated dissolution (70 to 90 kJ/mol).
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EXPERIMENTAL
The experimental methods used for both pressurized unsaturated flow &UF) and single-pass flow-through (SPIT) tests are described in this section.
PUF TEST
Because the purpose of this testis to determine if the chemical changes in water that has reacted with HLW glass alters the corrosion rate of the ceramic or release and transport of Pu and the neutron absorbers, a "sandwich" configuration, as illustrated in Figure 1 , was selected. To match the approximate volumes of glass and ceramic in a can-in-canister configuration, 85% of the volume was allocated for glass (42.5% in the top and bottom beds) and 15% with ceramic. Details on the glass and ceramic materials used are given in the Ceramic -v 
PUF SYSTEM
The PUF system has been discussed in detail elsewhere [2, 3] , but is briefly described here.
The experimental design provides a novel way to study waste form corrosion behavior under unsaturated conditions, subject to open-system flow and transport. The basic test apparatus consists of a column packed with particles of the test material or materials of a known size and density, and a computer data acquisition and control system (Figure 2 ). The column is fabricated from a chemically inert material (polyetheretherketone) so that dissolution reactions are not influenced by interaction with the column. A porous titanium plate with nominal pore size of 0.2 pm is sealed in the bottom of the column to ensure an adequate pressure differential for the conductance of fluid while operating under unsaturated conditions [4] . Titanium was chosen because it is highly corrosion resistant and has excellent wetting properties. When water saturated, the porous plate allows water but not air to flow through it, as long as the applied pressure differ- ential does not exceed the air entry relief pressure, or "bubble pressure," of the plate. The computer control system runs LabVIEWM (National Instruments Corporation, Austin, Texas) software for logging test data to disk from several thermocouples, pressure sensors, inline sensors for effluent pH and conductivity, and column weight from an electronic balance to accurately track water mass balance and saturation level. The column also includes a proprietary "PUP port,"
which is an electronically actuated valve that periodically vents the column gases at an interval specified by the operator. The purpose of colu&n venting is to prevent reduction in the partial pressure of important gases, especially 02 and COZ that are participants in a variety of homogeneous and heterogeneous chemical reactions.
MA~RIALS
The ceramic used in this test (CPSF5) was produced at mixed in a V-shell mixer and 318.5 g was blended with 50.0 g of PU02. The PU02 was '%igh-fired" material, i.e. calcined at 1000"C for four hours. The PU02 was ground in a mortar and pestle then sieved through a 20-pm screen (600 mesh). Material passing through the sieve was used as the feed material. The ceramic powder was pressed at approximately 0.14 MPa (20 000 psi) in a 8.9 cm diameter die. The pellet was heated to around 300°C for several hours. The sample cracked into three pieces, presumably due to the presence of the binder and a heating rate that was too fast. The material was recovered, reground, repressed again at about 0.14 MPa.
The pellet was heated again to 300"C for about 10 hours then sintered at 1300"C for about 4 hrs.
The final product was fractured into two pieces and annealed twice at 1350"C for about 5 hours.
The CPSF5 ceramic is an early formulation and differs from the current baseline ceramic composition in that current ceramic does not contain Ba (as Ba-hollandite), and contains Hf and U instead of Zr. Nevertheless, the corrosion behaviors of the Pu-bearing phases in both the old and current formulations are expected to be similar, and the effects of glass corrosion on the release of components from the ceramic should be quite comparable.
A simulated HLW glass was used in the PUF experiment. Approximately 2 kg of glass was received from the Savannah River Technology Center labeled WP-14. The glass was chipped from a canister of glass that had been produced as part of a cold demonstration at the Defense Waste Processing Facility. Staff at SRTC transmitted a chemical analysis of the glass, which is given in Table 2 . verify that the size of the grains was consistent with the sieved size fraction and that fines had been removed. The specific surface area of the crushed samples was estimated by assuming the particles to be spheres having radii equal to the average opening of the sieves [6] . The Archimedes method was used to measure bulk density; the WP-14 glass was measured to be 2710 MO kg/m3, giving a specilic surface area of 0.0042 m2/g. The density of the ceramic was measured to be 4480 M 10 kg/m3 giving a spechic surface area of 0.0025 m2/g. volume were also tracked during packing of each layer to compute the porosity for each layer.
PUF TEST PROCEDURE
Individual bed porosity was within the reported measurement error above. The column was then vacuum saturated with water at ambient temperature. A temperature controller was programmed to heat the column to 90"C in approximately 1 h (1OC/min). The column was allowed to desaturate initially during heating by gravity drainage and was also vented periodically to maintain an internal pressure less than the bubble pressure of the porous plate. After reaching 90°C, the influent valve was opened, and influent set to a flow rate of 1 tid. Column venting was set to occur once an hour. Effluent samples were collected in a receiving vessel that was drained 8 nominally on a 5-day interval but sometimes more often when changes in the effluent pH and conductivity were detected. The samples were drained into tared vials from which samples were extracted and acidified for elemental analysis with ICP-MS. The ICP-MS was calibrated with certified standards prior to each series of analyses.
Liquid scintillation counting (LSC) was used for the analysis of alpha and beta emitting isotopes. Due to the nature of the LSC method, all alpha emitting isotopes appear at roughly the same energy and intensity spectrographically. The samples were analyzed, therefore, under the assumption that all alpha activity in the sample was contributed from 239Puand 241Am. The 24?% low energy beta peak is quite well resolved spectrographically by the LSC method. After LSC analysis, the samples were analyzed for 'lAm with gamma energy analysis (GEA). Americium-241 has a 59.5 keV photon of relatively high abundance, whereas the contribution of photons from all isotopes of Pu is negligible. The~lAm activity determined with GEA was then used to correct the total alpha activity determined with LSC to obtain the 239Puactivity.
During the course of the experiment, several effluent samples were filtered through Centricon 30 ultrafiltration cones (30 000 molecular weight cutoff, or approximately 1.8 nm particle size). As will be discussed later, the results showed that most of the l% in the effluent was associated with filterable particles. However, because the normal sampling procedure is to collect the effluent samples in vials that are allowed to cool to room temperature, concerns were raised that precipitation of solids during cooling could have resulted in the formation of the particulate Pu and Am. To prevent this, samples were collected at temperature using a syringe pump and gas tight syringes. The syringes were maintained at the column temperature with heat tape. The temperature was controlled with the aid of a thermocouple and the same computerized control system used for the PUF columns to control power to the heat tape. Samples collected with this system were filtered as close to 90°C as possible, again through the Centricon 30 cones that had been pretreated by filtering an aliquot of cooled effluent. Some cooling (probably 10 to 20°C) occurred during sample transfer and centrifugation.
After a total run duration of 11523 h, the PUF experiment was terminated. A comprehensive run termination and sample analysis plan was developed and executed. The column was split lengthwise with the aid of the miter box shown in Figure 3 . One half of the column was subsampled as found (loose and moist particles) and the other half was allowed to air-dry in prepara-
tion for resin infiltration. For the half column with loose particles, 15 subsamples (3 subsamples contained the bulk of the Pu-doped ceramic) were obtained at 5 mm intervals. From these samples the following analyses were conducted:
1.
2.
Moisture content determination by drying in glass vials at room temperature in a sealed can with CaSOd desiccant. Samples were dried until a constant mass was obtained.
SEM, TEM, and XRD analyses of selected samples from the glass and 'ceramic layers.
After drying for 48 h, the other half column was impregnated with "LR White" (London Resin Co.)
resin. The resin-infiltrated half-core was epoxied to set of aluminum mounting blocks so that sections a could be cut with a low-speed metallographic saw. A complete diagram illustrating the sectioning strategy Figure 4 . The half-core was attached to the blocks on the plane that split the core along its longitudinal axis. Two initial cuts were made, perpendicular to the longitudinal axis, to separate the main bulk of the Pu-doped ceramic particles from the rest of the column bed. These initial cuts were made such that a millimeter thickness of the Pu-doped ceramic would remain attached to the WP-14 glass it had contacted while undergoing PUF testing. Three cuts were made parallel to the longitudinal axis, at approximately 2.8 mm spacings, and yielded four sets of planar samples. A set is comprised of 1) the outer curved surface of the column bed with one cut su~ace, 2) the adjacent slabs with two cut szujfaces, and 3) the remaining thin section still adhered to aluminum mounting blocks with one cut su~ace. Table 3 ).
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A = surface area of the material (m2).
Because the rate expression above is not specific to any element, an apparent dissolution rate can be calculated from a suite of elements in the effluent solution, in this case, Ti, Ca, Mo, Hf, Ce, and Gd. As will be shown below, the dissolution rates based upon the entire suite of elements yield consistent data between the samples tested. Blanks (effluent samples run through the system without ceramic powders) establish background concentrations of elements of interest in the input solution. In the cases where the concentrations of elements in the input solution are below their respective detection thresholds, the value of the detection threshold is used. The dissolution rates discussed below are all adjusted for background concentrations of the elements of interest in the input solution.
The chemical compositions of the Ti-pyrochlore samples used for SPFT testing are listed in assessed below.
RESULTS
Test results from the interactive PUF experiment with WP-14 glass and CPSF5 ceramic are presented first, followed by the results from SPFT tests.
PUF TEST RESULTS

Test Metrics
The results from the computermonitored test metrics are shown in glass compositions have shown rapid increases in glass corrosion rate occur after certain secondary phases form, such as Na-Ca alurninosilicate zeolites. However, the dissolution rate acceleration was sustained in these cases until complete dissolution of the glass had occurred.
However, we have recently started a PUF experiment with a low-activity waste glass formulation (LAWABP1) that has exhibited a similar pattern of transient rate accelerations, as shown in Figure 6 . This experiment is being run at twice the flow rate of the PUF test with WP-14 glass/CPSF5 ceramic. Consequently, the peaks during the periodic rate accelerations are broader than in the 1 rnUd test with the WP-14 glass/CPSF5 ceramic. Because the ceramic contains elements that are sparingly soluble under these test conditions, it is highly unlikely that a dissolution rate acceleration of the ceramic could cause the transient marked increases in pH and electrical conductivity. Additional discussion regarding possible cause(s) of the transients observed in the effluent chemistry is provided in the Discussion section under Periodicity in Effluent Chemistry.
Solution Chemistrv
Stable Elements
Results from the ICP-MS analyses of effluent samples are provided in Figure 5b . There is a good correlation between the observed excursions in effluent pH and electrical conductivity with peak concentrations of constituents released from the WP-14 glass and CPSF5 ceramic. There is also a general trend of decreasing concentrations with increasing reaction time. Unfortunately, there were no elements incorporated in the ceramic to permit unambiguous determination of the dissolution rate as each element is subject to adsorption, ion-substitution, or precipitation in secondary phases. Of the elements, however, Ba is the only element present in the ceramic that is not present in the glass where these effects are minimized. Gadolinium is not present in the glass either but because of its extremely low volubility under the conditions of these tests, it is unlikely to be reliable as a dissolution rate indicator element. Consequently, Ba was used to estimate the ceramic corrosion rate. This is discussed in the Ceramic Corrosion Rate section. Reacted Solids
Radioactive Elements
SEM Surveys
After the porous plate was removed from the column, carbon tape was used to remove a sample of a fine precipitate layer that coated the inner surface of the plate. ter in the secondary phases discussed in the preceding section and/or because of a change in the water retention characteristic of the glass as secondary phases form on its surface [7] .
Pu Distribution
A 4 cm2 rectangle of double-sided "Very High Bond" tape was placed on a borosilicate glass slide. A portion of the protective liner was removed from the upper surface of the tape to reveal 0.3 cmz of unmasked adhesive. Milligram quantities of dried particles taken at approximately 5 mm intervals were deposited on the unmasked portion of tape. Silicone-coated paper was used to press the particles firmly into the 0.1 cm-thick tape and then the siliconized paper was removed. These samples were then analyzed for 239Pu content with alpha energy analysis (AEA).
An Oxford Oasis~system with eight individual alpha detectors was used. Calibrations were performed for energy and efficiency with geometry identical to that used for the sample mounts and with known activities of zuialyzed isotopes. Identification and quantification of 239Puand lAm was performed using&e 5.156MeV peak and 5.486MeV peak, respectively.
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. It is impossible to distinguish these mechanisms from the AEA data alone A plot of the concentration of Mo versus time for the two pyrochlore samples is displayed in Figure 16 . At experimental times greater than 60 days, the concentration of Mo is likely to be at or near steadystate conditions, so that apparent dissolution rates can be calculated from Equation 
Flow-Through Rate at 2 rnLJd
Because effluent concentrations of elements in the experiments with flow-through rates of 10 mIJd were low, we elected to repeat the experiments with slower flow-through rates (2 d-id).
Experiments with input solutions at pH values of 2,5.7,6.7, and 8 are underway and preliminary dissolution rates, based on steady-state concentrations of elements, are listed in Table 5 .
Concentrations of Ce, Gd, and Ca are well above their respective detection threshold at pH = 2 and concentrations of Mo are easily detected at pH = 5.7, 6.7, and 8. As in the case of the experiments with higher flow-through rates, note that concentrations of Ti and Hf are near or at their respective detection thresholds over the pH interval studied. These experiments probe the dissolution rates of GdzTi@T and LuzTi@T monoliths at PH = 2> 90"C with flow-through rates of 4.8 Wd.
For each composition, four monoliths are being tested; two that have been subjected to heavy ion bombardment to simulate radiation damage, and two pristine samples. In these experiments, dissolution rates are calculated based on concentrations of Gd and Lu in the effluent solutions. Because these ceramic materials are similar to those examined under the PIP, we include the results of these experiments to date in this report. Another factor that is relevant to the PIP experiments is that the apparent dissolution rates of the radiation-damaged and the pristine samples can be compared. 
DI13CUt3S10N PUF TEST
Although there is no element in the CPSF5 ceramic that could be considered a conservative tracer or marker to determine the ceramic corrosion rate in the PUP test, the best available alternative is Ba. Computation of corrosion rates horn PUF test data has not been widely presented, so the procedure will be provided below.
Corrosion Rate Calculation
As in any flow-through column experiment, the calculation of kinetic rates from the effluent composition is more involved than in simpler static experiments. The PUF experimental method introduces one additional complication, in that the water content is also a variable that must be taken into account.
Most experiments with the PUF system are expected to be advection dominated. This can be demonstrated by computing a typical Peclet number for an experiment. The Peclet number (Pe)
is given by
where Up is the pore velocity, x is the distance, and D is the molecular diffusion coefficient of water. In the current experiments, with a volumetric flow rate (q) of 1 rnUd and water content 
A system with Pe>4 is considered advection dominated, and so the PUP tests clearly fall in this category. In an advection-dominated system, a one-dimensional steady state-mass balance for any constituent i is given simply by~d ci -=9(, Xosxsx( 'dx (6) where U~is the Darcy velocity (m/d), ci is the concentration (g/m3), 0 is the volumetric water content,~i is volumetric reaction rate (g/m3. d), x is length (m), XOis the distance to the start of layer containing the component of interest, in this case the ceramic, and Xt .is distance at the end of the layer. The volumetric reaction rate is given by (7) wherej is the mass fraction of element i, &is porosity, S is the reactant surface area (m2), ki is the normalized release rate (g/m2. d), and Vw is the volume of water in a representative elementary volume. It should be noted that in deriving Equation (7), we have assumed that the surface area contacted by condensed water is proportional to the degree of saturation in the column @/&).
Substituting Equation (7) into Equation (6), we havẽ
We will assume that the chemical changes that occur from the ceramic-water interaction do not effect the corrosion rate of the ceramic and so the k is taken as a constant. If we fiu-ther assume that volumetric water content is approximately uniform throughout the column, we can make use of the following identity
Vw evc evce (9) wheres is the specific surface area of the ceramic pticles (m2/g), mc is the total mass of ceramic in the column (g), VCis the volume of the ceramic layer (m3), and p is the bulk density of the ceramic (g/m3). Substituting Equation (9) into Equation (8), we have
Because the volumetric flow rate (q, m3/d) is fixed during a PUF test, the Darcy velocity is 4q simply U' =~, where d is the column diameter. Integrating Equation (1O), we have nd- (11) where L is the length of the ceramic bed, cib is the background concentration of element i, and c/L, is the concentration of element i in the effluent from the column. Rearranging the solution to Equation (11), we arrive at the expression we need to c~culate normalized release rates from the effluent concentrations
In deriving Equation (12), it has been assumed that no physical or chemical process attenuates the concentration of the component transported away from the ceramic layer. Equation (12) is also only valid for those elements whose source contribution is derived solely horn the ceramic. For the present case, that sole element is Ba.
Corrosion Rate Results
Corrosion rate calculations were performed assuming a constant water content value ofO.15, equivalent to the final measured pore saturation of 33 .6%. The calculated ceramic corrosion rate as a function of time, using Ba release as the indicator element, is given in Figure 22 along with the computer- as to the potential causes of this phenomenon.
Chemical Hypothesis
As was illustrated in Figure 6 , and as we have observed in many other PUF tests with lowactivity waste glasses, precipitation of zeolitic alteration phases causes a dramatic acceleration in the corrosion rate of these glasses. The acceleration is detectable exsitu by a rapid increase in effluent pH and electrical conductivity. In some cases, the corrosion rate has been observed to increase autocatalytically back up to the forward rate of reaction of the glass. The forward rate was sustained until either the test was terminated or the column became plugged. However, at least one other LAW glass formulation (LAWABP1) has exhibited transient rate accelerations (see Figure 6 ) similar to what occurred during the CPSF5AVP-14 interactive test. For the LAWABP1 glass, we believe the rate fails to accelerate autocatalytically because the glass does not supply sufficient amounts of the critical components, Na, Al, and Si, to sustain increasingly rapid zeolite crystallization as the pore fluid pH increases. Consequently, after the initial supersaturation of the system and hence very rapid crystallization occurs, the precipitation rate slows and the glass corrosion rate relaxes back to a new pseudo steady-state condition. However, the LAW glass continues to corrode at a rate that is higher than before the zeol.ite precipitation began.
Because the WP-14 glass has 2.5 times less Na than LAW glass, we speculate that not only does zeolite precipitation slow as the pore fluid pH rises after precipitation begins but in fact the precipitation may cease altogether. This should cause the effluent pH to drop back to a nominal value balanced by a much slower rate of glass corrosion. Furthermore, if the high pH pore water composition becomes undersaturated with respect to the zeolite, then the zeolite will begin to dissolve. Dissolution of the ztd.ite will consume~from the fresh pore water passing through the system. Consequently, the rate of relaxation to a lower pH, lower ionic strength pore fluid composition is dictated by the dissolution rate of the zeolite. Once the pore water pH and composition adjust to where precipitation of the zeolite becomes favorable once again, the cycle repeats.
Hydraulic Hypothesis
Another possible explanation for the observed periodicity is a periodic change in flow path through the column. The effective hydraulic conductivity of an unsaturated medium increases with increasing water content, approximately as tie cube of the water content. If there are slight differences in the water content or degree of saturation in the column, something that is quite likely, water will preferentially flow through those areas of higher saturation and conductivity.
Higher flux means that the local chemical system in those pores is kept at relatively low reaction progress, so solution concentrations will be low, even though the glass in these regions will be more extensively reacted. Periodically, however, the flow path may change because the accumulation of secondary phases has been shown [7] Figure 4 shows that the relaxation time between spikes is on average about 30 to 50 days. Over that time period, 6 to 10 pore volumes will have been exchanged. Consequently, one would expect that the newly accessed stagnant areas would be cleaned out on a much shorter time scale than is observed. Perhaps the flow paths continue to adjust slowly after a major switch in position, and new interconnections are made in the percolation network, connecting new regions of stagnant fluid to the main flow path(s). We are presently assembling a PUF column and supporting hardware that can be imaged with an x-ray microtomograph while an unsaturated flow testis running. By injecting a contrast agent, we will be able to trace the fluid flow path in three dimensions at fine resolution. These experiments should provide clear evidence supporting or contradicting the hydraulic hypothesis.
Colloid Release
The measurement and analysis of colloids was not a major objective of these tests. However, of the analyses that were performed, a significant percentage (>80%) of the Pu released was in 
